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Background. Development of vaccines to prevent severe acute respiratory syndrome (SARS) is limited by the 
lack of well-characterized animal models. Previous vaccine reports have noted robust neutralizing antibody and 
inflammatory responses in ferrets, resulting in enhanced hepatitis. 

Methods. We evaluated the humoral immune response and pathological end points in ferrets challenged with 
the Urbani strain of SARS-associated coronavirus (SARS-CoV) after having received formalin-inactivated whole- 
virus vaccine or mock vaccine. 

Results. Humoral responses were observed in ferrets that received an inactivated virus vaccine. Histopatho- 
logical findings in lungs showed that infection of ferrets produced residual lung lesions not seen in both mock 
and vaccinated ferrets. SARS-CoV infection demonstrated bronchial and bronchiolar hyperplasia and perivascular 
cuffing in ferret lung tissue, as seen previously in infected mice. No evidence of enhanced disease was observed 
in any of the ferrets. All of the ferrets cleared the virus by day 14, 1 week earlier if vaccinated. 

Conclusions. The vaccine provided mild immune protection to the ferrets after challenge; however, there was 
no evidence of enhanced liver or lung disease induced by the inactivated whole-virus vaccine. The ferret may 


provide another useful model for evaluating SARS vaccine safety and efficacy. 


Severe acute respiratory syndrome (SARS)—associated 
coronavirus (SARS-CoV) is an emerging infectious 
pathogen of zoonotic origin. SARS-CoV was found in 
certain bat populations in China [1, 2]. An outbreak 
occurred in China in late 2002 after the virus was ap- 
parently amplified in an intermediary host at a Chinese 
wet market [3]. This pandemic lasted through July 
2003, with >8000 people infected worldwide and 774 
deaths in 26 countries [4]. Since the end of the SARS 
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pandemic, several infections have been observed [5]. 
No direct transmission from bat to human has been 
observed to date, but SARS has the potential to reappear 
from an animal reservoir or through accidental or in- 
tentional release. The development of effective vaccines 
and animal models is highly desirable for the prevention 
and containment of future outbreaks of SARS-CoV. 

Attenuated and killed SARS-CoV, DNA, and viral- 
vectored vaccines are being evaluated in a number of 
animal models, including the mouse, ferret, hamster, 
and nonhuman primate [6 and references within]. 
However, many of the animal models exhibit responses 
to infection that are not similar to what has been re- 
corded in humans. In particular, immune enhancement 
has been reported with a feline infectious peritonitis 
(FIP) coronavirus (FIP-CoV) vaccine [7], and exacer- 
bated hepatitis was reported when a SARS-CoV spike 
protein vaccine was expressed from a vaccinia vector 
in ferrets [8]. These and other potential problems aris- 
ing from SARS-CoV vaccines need to be examined 
further. 


Ferrets (Mustela putorius furo) were first noted as 
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Table 1. Histopathological findings in lung tissue of ferrets. 


Bronchiole Perivascular lym- 

Vaccine, ferret hyperplasia phocyte cuffing 
Mock 

41275 +/— +/— 

41219 +/— + 

41247 + + 

50409 +/— Hf 

41195 (no challenge) = +/— 
FI-SARS 

50441 - + 

41271 + = 

41267 + + 

50421 +/— 


41151 (no challenge) = _ 


NOTE. Lung disease was scored as follows: no lesions (—), minimal degree 
of lesions (+/—), mild (+), and moderate (++). FI-SARS, formalin-inactivated 
severe acute respiratory syndrome-associated coronavirus vaccine. 


being susceptible to SARS-CoV infection in 2003 [9], and, al- 
though the ferrets did not die of pneumonia, virus was isolated 
from lung tissue. When a neutralizing monoclonal antibody 
was administered to ferrets prophylactically, it completely pre- 
vented SARS-CoV-—induced macroscopic lung disease and sig- 
nificantly reduced viral shedding in pharyngeal secretions [10]. 
Immunization of ferrets with a modified recombinant vaccinia 
virus vaccine induced neutralizing antibodies, but it also in- 
duced a strong inflammatory response, possibly leading to en- 
hanced hepatitis [8]. These responses were linked to recom- 
binant vaccinia virus expressing SARS-CoV proteins [11]. 


FI-SARS vaccine 


Ferrets were chosen here as a model to test vaccine safety be- 
cause of these reports linking enhanced liver disease after vac- 
cination. Ferrets are a well-characterized model for the study 
of respiratory viruses and have been successfully infected with 
SARS-CoV [9], although studies have been few and lacking 
microhistopathological data for lung tissue. It is also unclear 
from past reports what, if any, coronaviruses the animals were 
previously exposed to. 

Here, we have used coronavirus-free animals and examined 
the effects of an inactivated vaccine and virus challenge. In 
addition to analysis of the humoral response, we examined lung 
tissue of ferrets by microhistopathological analysis. The results 
of this pilot study will provide a basis for future experiments 
in the ferret model and demonstrate that an inactivated vaccine 
shows no evidence of enhanced disease. The results obtained 
in the ferret model will be a good comparator with the mouse 
models [12, 13], and this additional animal system will be useful 
for evaluating SARS vaccine safety and efficacy. 


MATERIALS AND METHODS 


Cells and virus. African green monkey kidney (Vero E6) cells 
were used to grow SARS-CoV (Urbani strain) in Dulbecco’s 
modified Eagle medium (DMEM; Biosource) with supplements 
(10% fetal bovine serum, 2 mmol/L 1-glutamine, 100 U/mL 
penicillin, 100 wg/mL streptomycin, and 0.5 yg/mL fungizone; 
Biosource International). Supernatants were collected, pooled, 
clarified by centrifugation, and stored at —70°C for use as the 
viral stock. The stock was filtered through a Millex-GS 0.22- 
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Figure 1. Viral titers in pharyngeal (A and 8) and nasal (C and D) swabs from ferrets vaccinated with formalin-inactivated severe acute respiratory 
syndrome (SARS}-associated coronavirus vaccine (FI-SARS) (A and C) and mock-vaccinated ferrets (B and D). Virus was collected by use of swabs in 
Dulbecco's modified Eagle medium and was analyzed by TCID,) assay. The limit of viral detection for this assay was 1 log,, TCID,o/mL. 
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Figure 2. Neutralizing antibody titers for ferrets vaccinated with for- 
malin-inactivated severe acute respiratory syndrome (SARS)-associated 
coronavirus vaccine (FI-SARS) before (A) and after (B) challenge and for 
mock-vaccinated ferrets after challenge /C). Data are expressed as the 
dilution of serum that prevented cytopathic effect in 50% of the wells 
and were calculated by the method of Reed and Muench [17]. Results 
from individual ferrets are shown. Note the scale change between before 
and after challenge. 


um filter unit (Millipore). The titer (1 X 10° TCID,,/mL) was 
determined by a TCID,, assay, as described elsewhere [14]. 
Ferrets. Ten coronavirus-free, 6-20-month-old female fer- 
rets (Harlan) were housed individually for 2 weeks for obser- 
vation before being vaccinated. Ferrets were housed in a bio- 
safety level (BSL) 2 laboratory until virus challenge in a BSL3 
laboratory. Light was managed to delay estrus, and ferrets com- 
ing into estrus were given 1 dose of human chorionic gonad- 
otropin (100 IU). Ferrets were monitored daily for care and 
health. Ferrets were lightly anesthetized with ketamine (5 mg/ 
kg), xylazine (0.5 mg/kg), and acepromazine (0.1 mg/kg) in- 


tramuscularly as well as with atropine (0.05 mg/kg) for collec- 
tion of blood samples (from the jugular vein) and challenge 
with SARS-CoV. Ferrets were monitored until awakening and 
thereafter checked to ensure that they were eating, drinking, 
and behaving normally. Euthanasia was performed with pen- 
tobarbitol sodium (390 mg/mL; 1 mL/10 kg of body weight) 
after initial sedation with ketamine/xylazine/acepromazine, as 
per the guidelines of the Institutional Animal Care and Use 
Committee of the Center for Biologics Evaluation and Research, 
US Food and Drug Administration, and in accordance with the 
guidelines of the National Institutes of Health Animal Care and 
Use Committee. 

Nasal and pharyngeal swabs. Nasal swabs were obtained 
with premoistened (DMEM) swabs. The nostrils on ferrets are 
very small, and samples were collected just a few millimeters into 
the nose. A laryngoscope was used to view the glottis, and pha- 
ryngeal swabs were collected using Dacron-tipped applicators. 

Formalin-inactivated virus vaccine and challenge. To gen- 
erate the vaccine, 5.94 mL of virus stock (1 X 10° TCID,,./mL) 
was treated with 60 wL of 3.7% formalin for 48 h at 37°C. The 
inactivated virus (6 mL) was then dialyzed in 2 L of PBS at 
room temperature for 48 h. Medium from uninfected Vero 
cells was treated in the same way to prepare mock vaccine. 
Vaccine was plated on Vero cells for 7 days to confirm inac- 
tivation. Vaccination was done intramuscularly at 0.5 mL per 
leg without adjuvant. Five ferrets were given the SARS vaccine, 
and 5 were given the mock vaccine (table 1). Immunization 
was repeated (boost) after 3 weeks. 

The virus challenge (1 X 10° TCID,,/mL) was split into 2 
parts: 0.25 mL was given intratracheally, and 0.25 mL was given 
intranasally. A laryngoscope was used for the intratracheal por- 
tion, which was delivered via a 1-cc syringe with a 22-gauge 
plastic angiocatheter attached. The intranasal inoculum was 
delivered to each nostril via a plastic bulb-type pipettor. Four 
ferrets in each vaccine group were challenged with live SARS- 
CoV 27 days after the boost (table 1). 

Quantitation of viral titer. Viral titers were determined by 
observing infected Vero E6 monolayers in 24- and 96-well plates 
by use of a TCID,, assay. Ten-fold serial dilutions of viral sam- 
ples were incubated at 37°C for 4 days and then examined for 
cytopathic effect (CPE) in infected cells, as described elsewhere 
[15]. Briefly, CPE of SARS-CoV-infected Vero E6 cells was 
determined by observing rounded, detached cells in close as- 
sociation with each other. The first dilution of viral sample was 
a 1:10 dilution, which set the limit of viral detection for this 
assay at 1 log,, TCID;,/mL. 

Microneutralization assays. Ferret serum was treated at 
56°C for 30 min to inactivate complement and then was diluted 
1:4 with DMEM. Serial 1:2 dilutions of the serum were made 
in a 96-well tissue culture plate by adding 125 pL of the serum 
at a 1:4 dilution to an equal volume of DMEM; this was carried 
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Figure 3. Antibody titers measured by ELISA for IgG alone (A and B) and for IgG+IgA+IgM (C and D) in mock-vaccinated ferrets (A and C) and in 
ferrets vaccinated with formalin-inactivated severe acute respiratory syndrome (SARS)-associated coronavirus (SARS-CoV) vaccine (FI-SARS) (B and 
D). Recombinant spike protein was used to measure ferret antibodies to SARS-CoV. 


through a 1:4096 dilution, as described elsewhere [16]. An 
equal volume of SARS-CoV (100 TCID,,) was added, and the 
mixture was incubated for 1 h at room temperature. The mix- 
ture was plated onto Vero cell cultures to detect the presence 
of nonneutralized virus. The dilution of serum that prevented 
50% of the CPE in the cell culture wells was reported as the 
antibody neutralizing titer. 

ELISAs. Immuno MaxiSorp plates (Nunc) were coated 
with 100 wL per well of 2 wg/mL recombinant SARS-CoV spike 
protein (Imgenex) in 50 mmol/L sodium carbonate coating 
buffer (Imgenex) at 4°C overnight. Antigen was removed, and 
the plates were blocked with 200 wL per well of 1% bovine 
serum albumin (BSA) in Tris-buffered saline with 0.5% Tween 
(TBS-T) for 2 h at room temperature. Ferret serum was dilut- 
ed 1:200 in TBS-T with 1% BSA and was added to duplicate 
wells for incubation at room temperature. The plates were 
washed with TBS-T. Peroxidase-conjugated goat anti-ferret IgG 
(Kirkegaard and Perry Laboratories) or goat anti—ferret IgG 
+IgA+IgM (Rockland) was used to detect bound antibody. Per- 
oxidase substrate solution (KPL) containing 2,2'-azino-di-3- 
ethylbenzthiazoline-6-sulfonate was used to develop the plates 
at 405 nm with a Model 450 Microplate Reader (Bio-Rad 
Laboratories). 

Histopathological analysis. Ferrets were euthanized on day 
23 after challenge; liver, lungs, and other major organs were 
fixed in formalin and embedded in paraffin, and sections were 
stained with hematoxylin-eosin. Selected liver lesions were 
stained by the Steiner technique. 

Ferret health evaluation. A digital thermometer was used 
to take ferret rectal temperatures. Ferrets were weighed weekly. 


Ferret blood chemistry analysis was performed with serum 
drawn on the day of challenge and weekly thereafter, using a 
Vet Scan II analyzer (Abaxis) with liver-profile rotors. 


RESULTS 


Mild protection of ferrets from SARS-CoV conferred by in- 
activated vaccine. Ferrets were inoculated with a mock vac- 
cine or with a formalin-inactivated whole-virus SARS-CoV vac- 
cine. After 2 weeks, a booster immunization was administered, 
and, 4 weeks later, test ferrets were challenged intratracheally 
and intranasally with live SARS-CoV. Nasal and pharyngeal 
swabs were collected 2 days after challenge and weekly thereafter 
and then incubated in cell culture for titration analyses (figure 
1). Two days after challenge, viral titers were similar in the 
pharynx and nose for both the SARS-CoV vaccine (figure 1A 
and 1C) and the mock vaccine (figure 1B and 1D) groups. By 
7 days after challenge, all of the ferrets in the SARS-CoV vaccine 
group had cleared the virus from the pharynx (figure 1A), but 
3 of 4 ferrets in the mock vaccine group did not clear virus 
until day 14 (figure 1B). The earlier clearing of the virus from 
the pharyngeal secretions indicates that the inactivated SARS- 
CoV vaccine provided immune protection to the ferrets. 

To examine the level of immune response provided by the 
inactivated SARS-CoV vaccine, we used serum to perform neu- 
tralization assays. Two of the 4 ferrets that received SARS-CoV 
vaccine (41267 and 50441) displayed some neutralizing anti- 
bodies after the second immunization, which tapered off af- 
ter 3 weeks (figure 2A). The other 2 SARS-vaccinated ferrets 
showed little or no neutralizing antibody even after the second 
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Figure 4. A, Normal bronchiole from a control ferret showing normal, uniformly layered epithelium (hematoxylin-eosin [HE] stain; original magnification, 
400). B, Bronchiole of ferret given mock vaccine and challenged with virus 23 days earlier showing epithelial hyperplasia (arrow) and peribronchiolar 
inflammation primarily composed of lymphocytes (L) (HE; original magnification, x400). C, Bronchiole of vaccinated, virus-challenged ferret showing 
focal bronchiolar hyperplasia (arrow) and peribronchiolar inflammation primarily composed of lymphocytes (L) (HE; original magnification, x 400). D, 
Liver of ferret given mock vaccine and challenged with virus showing a focal necrotizing inflammatory lesion (arrow) (HE; original magnification, x 400). 
E, Liver of vaccinated, virus-challenged ferret showing that the major portion of the section is normal (middle and right side) while a small inflammatory 
focus is seen (arrow) (HE; original magnification, 100). F, Liver of vaccinated, virus-challenged ferret with a focal necrotizing inflammatory lesion 
composed of a mixed population of cells, including lymphocytes and macrophages (HE; original magnification, x 400). 


immunization. All 4 ferrets displayed high levels of neutralizing 
antibody 1 week after challenge, with the titers waning at 3 
weeks after infection, concurrent with clearance of the virus 
(figure 2B). The mock-vaccinated ferrets showed no virus neu- 
tralization before challenge (data not shown) and increasing 


neutralization 3 weeks after challenge, but with lower titers than 
those in the SARS-vaccinated ferrets (figure 2C). The 2 mock- 
vaccinated ferrets that showed high neutralizing titers 3 weeks 
after infection (41219 and 50409) also had high virus titers at 
day 14. One mock-vaccinated ferret (41247) cleared the virus 
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Table 2. Blood chemistry analysis of mock-vaccinated ferrets and of ferrets vaccinated with formalin- 


inactivated severe acute respiratory syndrome (SARS)-associated coronavirus vaccine (FI-SARS). 


Female ferrets 


Test, vaccine Observed range Mean + SE Day 0 Day 2 Week 1 Week 2 Week 3 
Albumin level, U/L 3.3-4.2 3.6 2 0.2 
ock 3.4-4.7 3.2-3.9 3.3-3.8 3.3-4.0 3.5-4.3 
FI-SARS 4.1-4.5 3.6-4.1 3.2-4.2 3.9-4.4 3.9-4.8 
ALP level, U/L 31-66 44.3 + 11.3 
ock 21-48 30-46 29-81 30-41 26-40 
FI-SARS 19-28 23-43 23-33 27-35 18-32 
ALT level, U/L 78-149 150.3 2 49.3 
ock 85-139 121-143 61-163 52-98 63-93 
FI-SARS 88-162 90-277 56-88 64-94 79-135 
Amylase level, U/L 
ock 11-20 27-34 28-29 18-24 16-19 
FI-SARS 10-17 26-32 21-27 19-23 14-20 
Total bilirubin level, mg/dL 0-0.1 ND 
ock 0.2-0.3 0.2-0.3 0.30 0.30 0.30 
FI-SARS 0.2-0.2 0.2-0.3 0.2-0.3 0.2-0.3 0.30 
Urea nitrogen level, mg/dL 11-25 33.3 + 7.6 
ock 17-83 17-29 22-36 27-30 26-31 
FI-SARS 15-21 23-29 19-25 19-31 16-30 
Calcium level, mg/dL 7.5-9.9 20 =: OS 
ock 9.2-11.8 9.3-10.3 8.9-10.7 8.3-9.7 8.7-10.2 
FI-SARS 9.5-10.4 9.0-9.9 9.1-10.7 9.3-10.3 9.0-10.5 
Phosphorus level, mg/dL 4.8-7.6 6.7 + 0.6 
ock 5.5-7.8 4.8-7.7 5.9-8.6 4.9-6.4 5.7-7.5 
FI-SARS 6.1-6.6 5.2-7.1 6.1-9.0 6.2-7.0 5.7-8.2 
Creatinine level, mg/dL 0.3-0.8 0.4 + 0.1 
ock 0.2-0.5 0.2-0.5 0.4-0.7 0.4-0.6 0.4-0.6 
FI-SARS 0.2-0.3 0.2-0.4 0.2-0.5 0.3-0.5 0.4-0.8 
Glucose level, mg/dL 99-135 104.9 + 16.4 
ock 99-131 118-127 110-122 106-119 101-109 
FI-SARS 101-124 107-132 100-114 102-114 76-108 
Sodium level, mmol/L 152-164 160.4 + 1.5 
ock 149-170 143-150 138-156 137-149 143-149 
FI-SARS 148-150 142-150 138-155 150-154 143-154 
Potassium level, mmol/L 4.1-5.2 49+03 
ock 4.8-6.2 4.6-4.7 4.6-5.3 43-47 4.4-4.5 
FI-SARS 4.4-5.0 4.6-5.0 5.0-5.2 4.4-5.2 4.5-5.4 
Total protein level, g/dL 5.0-6.8 6.0 + 0.5 
ock 5.9-7.8 5.6-6.3 6.1-6.7 5.6-6.4 5.9-6.7 
FI-SARS 6.3-6.7 5.9-6.5 5.0-7.3 6.6-7.0 5.9-7.4 
Globulin level, g/dL 1.8-3.1 ND 
ock 2.1-3.4 2.2-2.5 2.5-3.1 2.0-2.6 2.1-2.4 
FI-SARS 2.1-2.3 2.2-2.9 2.7-3.1 2.5-2.8 2.0-2.6 
Hemolysis 
ock 1-2+ 1-2+ 1-2+ 1+ 0-2+ 
FI-SARS 1-3+ 2+ 1-2+ 1-2+ 1-2+ 
Lipemia 
ock 0-3+ 1-3+ 1-3+ 1-2+ 1-2+ 
FI-SARS 1+ 1+ 1+ 1-2+ 1+ 
Icterus 
ock 0 0 0 0 0 
FI-SARS 0 0 0 0 0 
NOTE. Data for study ferrets are ranges or means; observed ranges and mean + SE values for female ferrets are considered 
normal [19]. ALP alkaline phosphatase; ALT, alanine aminotransferase; ND, not done. 
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Figure 5. Percent body weight and body temperature change in vaccinated ferrets. Weights were recorded at time zero for mock-vaccinated ferrets 
(A) and ferrets vaccinated with formalin-inactivated severe acute respiratory syndrome (SARS}-associated coronavirus vaccine (FI-SARS) (B). Rectal 
temperatures were taken using a digital thermometer for mock-vaccinated (C) and vaccinated (D) ferrets. The percentage of deviation from the starting 


(100%) weight or temperature for each ferret is shown. 


by day 7 (figure 1B) and did not have high neutralizing antibody 
titers (figure 2C). The development of neutralizing antibodies 
was not strongly induced by the vaccine but was significantly 
induced in all challenged ferrets. This suggests that the vaccine 
was not immunologically robust. 

Characterization of the humoral immune response to 
vaccination. ‘To further evaluate the potency of the humoral 
immune response elicited by the SARS-CoV vaccine and in- 
fection, we measured virus-specific IgG levels in ferret serum 
by ELISA. Overall, no significant elevation in spike-specific IgG 
levels was seen as a result of the vaccine (days 0 and 21), but 
virus challenge induced a marked elevation in levels of IgG 
antibodies (figure 3A and 3B). The mock-vaccinated nonchal- 
lenged ferret displayed no antibodies to the SARS-CoV spike 
protein (data not shown). The SARS-vaccinated ferrets pro- 
duced higher levels of spike-specific IgG after challenge, and 
these antibodies were detected 1 week earlier than in the mock- 
vaccinated ferrets, suggestive of a priming effect of the vaccine. 
To determine whether this observation was due to the gener- 
ation of IgM antibodies, IgG+IgA+IgM was measured. The 
levels of these antibodies were also slightly elevated in the SARS- 
vaccinated ferrets and were detected earlier than in the mock- 
vaccinated ferrets (figure 3C and 3D). This suggests that, al- 


though the vaccine generated only a weak antigenic response 
to the spike protein, it may have primed the immune response, 
leading to higher levels of other antibodies (figure 1) and faster 
clearing of the virus. 

Pathological findings in lung tissue of vaccinated fer- 
rets. Four mock-vaccinated and 4 SARS-vaccinated ferrets 
were challenged with SARS-CoV. Two ferrets were used as un- 
infected control animals. Ferrets were euthanized 23 days after 
challenge. In the mock-vaccinated unchallenged control ferret 
(41195), the bronchiolar epithelium appeared normal in thick- 
ness. There was no inflammation, nor was bronchial and bron- 
chiolar hyperplasia observed (figure 4A). In a mock-vaccinated 
SARS-CoV-infected ferret (41247), there was focal bronchiolar 
hyperplasia (figure 4B), which was also present in other chal- 
lenged mock-vaccinated or SARS-vaccinated ferrets (figure 4C). 
The inflammatory cells, mainly lymphocytes, were peribron- 
chiolar (figure 4B and 4C). In addition, there was perivascular 
cuffing around a few small blood vessels. Virus was not found 
in any of the lung tissue by culturing in vitro or by staining 
sections (data not shown). Bronchial and bronchiolar hyper- 
plasia was evident in 7 of the 8 ferrets that were challenged 
with virus but was not evident in the unchallenged control 
ferrets (table 1), suggesting that SARS-CoV infection led to the 
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lesions, not the vaccine. The lymphocyte cuffing also found in 
7 of the 8 challenged ferrets suggested a role for the immune 
system in resolving pulmonary infection (table 1). 

Hepatic pathology. All ferret livers appeared normal on 
gross examination. Histologically, the majority of the livers ap- 
peared normal except for foci of necrosis and inflammation in 
the ferrets exposed to virus. The uninfected, nonvaccinated 
control ferret did not have these lesions. A few foci of liver- 
cell necrosis with mononuclear infiltration were observed (fig- 
ure 4D-4F). However, this phenomenon is not always a specific 
feature of viral hepatitis. Other evidence of typical viral hep- 
atitis, such as diffuse hepatic inflammatory lesions, acidophilic 
bodies, and piecemeal necrosis in the portal tract, was not seen. 
We observed a larger lesion in the SARS-vaccinated ferret (fig- 
ure 4F) than in the mock-vaccinated ferret (figure 4D), but, 
because virus was not found in the livers, the lesions found 
histologically were probably from previous viral damage. We 
checked for the presence of bacteria (by use of Steiner stain) 
in the hepatic lesions and found none. 

Ferret health: blood chemistry. Because elevated levels of 
alanine aminotransferase (ALT), an indicator of hepatitis, have 
been observed in human patients with SARS [18] and in vac- 
cinated ferrets [8], we used blood chemistry analysis to evaluate 
ferret health after vaccination and virus infection. We observed 
elevated alkaline phosphatase levels in 1 mock-vaccinated ferret 
(50409) and a slightly elevated ALT level in this same ferret 1 
week after challenge (table 2). Normal ranges were observed 
thereafter. In the SARS-vaccinated group, 1 ferret (41271) had 
a slightly elevated ALT level on the day of challenge and a highly 
elevated ALT level 1 week later (table 2), but the level then 
returned to the normal range. This is consistent with the ki- 
netics of SARS-CoV infection, which is brief, as opposed to a 
result of an immune response, which is expected to be more 
protracted. Liver injury, therefore, may not be associated with 
our weak formalin-inactivated whole-virus vaccine but with 
SARS-CoV infection in a small percentage of animals. 

Ferret body weight and temperature. Ferret 41247 had the 
most severe lung lesions and also had the largest overall weight 
loss (22%; figure 5A). Three of the 5 ferrets in the mock vaccine 
group showed some weight loss (mean loss, 15%) after vac- 
cination, with nearly full recovery of body weight on clearance 
of the virus (day 71). The exception was ferret 41275, which 
lost >20% of its body weight after viral clearance (figure 5A). 
Two of the SARS-vaccinated ferrets lost weight after vaccina- 
tion, and 1 recovered to almost normal weight (—5%) after 
the vaccine boost (figure 5B). Overall, the SARS-vaccinated 
ferrets maintained or gained more weight after challenge, sug- 
gesting that the overall health of the vaccinated ferrets was 
better. One ferret from each vaccine group (41275 and 41271; 
figure 5C and 5D) spiked a temperature on the day of boost 
and challenge, suggesting that body temperature was associated 


with stress. No significant increase in body temperature was 
observed in any of the 10 ferrets after vaccination or virus 
challenge (figure 5C and 5D). 


DISCUSSION 


In preparation for a potential SARS-CoV outbreak, a safe and 
effective vaccine must be available. The pathology of this zoo- 
notic viral infection indicates that pneumocytes are the primary 
target of infection, resulting in diffuse alveolar damage. To eval- 
uate the safety and efficacy of any potential SARS-CoV vaccine, 
an animal model is needed that reliably induces severe disease 
or death. To date, animal models that mimic human SARS- 
CoV fatality rates are lacking. In fact, no animal infected with 
SARS-CoV has shown a severe viral pneumonia leading to 
death, as is seen in human infections. Animal infections are 
usually characterized by bronchiolar lesions with little or no 
alveolar involvement. Ferrets have long been used to study 
influenza virus infection and pathogenesis, and ferrets are a 
plausible model for the study of SARS-CoV infection and 
pathogenesis. 

In one study, nearly 70% of the human patients infected with 
SARS-CoV had elevated ALT levels [20]. Additionally, severe 
hepatitis has been shown to be predictive of poor clinical out- 
come in patients with SARS [20, 21]. One report demonstrated 
that ferrets presented mild focal necrotizing and inflammatory 
liver lesions as a result of SARS-CoV infection [9]. Enhanced 
liver disease and highly elevated ALT levels were also observed 
in ferrets that were vaccinated with a recombinant vaccinia virus 
vaccine expressing the SARS-CoV spike protein [8]. We eval- 
uated the humoral immune response to SARS-CoV immuni- 
zation and infection and did not observe high ALT levels in 
ferrets after vaccination with inactivated SARS-CoV or after 
live virus challenge. This difference may be due to several fac- 
tors, such as the specific viral strain used, titer of virus challenge, 
strength of the immune response, specific response to the spike 
protein, use of female ferrets, or the presence or absence of 
vaccinia virus components. More experiments are needed to 
settle these apparent differences. 

In our study, lung lesions were mild to minimal in severity 
and were focal. Most of the lungs were histologically normal, 
and none of the lesions would probably cause illness or death. 
The bronchiole and perivascular lesions seem to be related to 
previous virus exposure. They are similar to lesions found in 
monkeys [22] and mice [23] days to weeks after exposure. 
Lesions were not found in all ferret lungs and were not diffuse. 
The worst lesion was in the lungs of a ferret in the mock vaccine 
group, consistent with virus-associated, not vaccine-associated, 
disease. Lesions found in some ferrets included the bronchiolar 
hyperplasia and perivascular cuffing often found in monkeys 
and mice with experimental SARS-CoV infection and a lesion 
not usually reported—focal hepatic inflammation, which was 
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minimal. We did not recover virus from lung or liver tissue, 
because ferrets were euthanized after the optimal time for virus 
collection [24]. 

We used ferrets to evaluate the safety of a weak, inactivated 
whole-virus vaccine. Antibody-dependent enhancement (ADE) 
has been observed during FIP-CoV infection [7] and may be 
part of the pathogenesis of SARS-CoV infection. Disease as- 
sociated with SARS-CoV infection results from immune-me- 
diated infiltration of the airways by lymphocytes and macro- 
phages. Enhanced disease should be marked by increased viral 
titer after prior exposure to the virus or virus components. In 
the case of FIP, the virus gains entry into macrophage cells via 
neutralizing antibodies to the spike envelope protein, which 
bind the virus and are internalized by the cell. Macrophages 
have been shown to be virally infected in patients with SARS, 
and the concern is that these macrophages provide an addi- 
tional host substrate in which the virus may grow. Furthermore, 
early and more robust seroconversion has been associated with 
more severe disease in patients with SARS, implicating SARS 
as an immune-mediated disease [25]. If SARS-CoV gains entry 
to macrophages through antibodies, then vaccines that elicit 
these responses may not be safe. We purposely designed a weak 
vaccine that elicited a mild antibody response to test the pos- 
sibility that low antibody titers are associated with enhanced 
pulmonary disease as opposed to a strong antibody response, 
which should be completely protective. We did not see an in- 
crease in viral titer in vaccinated ferrets versus mock-vaccinated 
ferrets, and the vaccine did not induce ADE. This suggests that, 
under these conditions, an inactivated whole-virus vaccine can 
provide some measure of protection without the risk of en- 
hanced lung or liver disease. Still needed are kinetic studies to 
show that infected ferrets are protected from further infection 
in a dose-dependent manner. Furthermore, the role played by 
the level of the immune response in ADE needs to be analyzed. 

Several animal models have shown promise for use in the 
evaluation of SARS antivirals, vaccine safety, and efficacy. The 
most notable studies are those using mice [16, 26, 27] and 
hamsters [28]. Although the ease of using large numbers of 
small rodents makes the mouse and hamster models invaluable, 
the difficulty in performing experiments under BSL3 contain- 
ment conditions limits the use of larger animals. Ferrets may 
provide a more convenient alternative to nonhuman primates 
and an additional model to small rodents. Here, we show that 
a weak formalin-inactivated vaccine does not enhance disease 
and that the ferret is a good model for evaluating SARS vaccine 
safety and efficacy. 
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